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NEW RAIN RATE ANALYSES TO ASSESS RAIN ATTENUATION
ON SATELLITE EHF COMMUNICATIONS

PAUL

FATIEE MAN

Air Force Geophysics Laboratory, Hanscom AT, Massachisens 01731-5000, 1.5 A.
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! SUMMARY

This paper provides \cs(iumlcsaul the frequency of occurrence, duration and probability of satellite

EHF communication”outages

ue to attenuation by rain. ‘These can be used to determine optimum

frequencies, power levels and the need for space diversity of terminals or other alternatives to maintain
reliable communications. Ten years of 1 min rain fates at each of 12 U.S. cities were used in
conjunction with an attenuation modet to quantify communication outages at locations representing a
variety of climatic regimes. Analyses of the 1 min tain rates and outage estimates at 10, 30 and 45 Gliz

N i
for elevation angles of 14°, 30°, 50° and 70° are presented. Ko, - i = . ’ .
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INTRODUCTION

Attenuation due to rain is the major environmental
cause of outages to satellite communication systems
employing EHIF frequencies. Attenuation models
have been developed to calculate the impact of rain
on these systems based on rain-rate distributions.!
One-minute rain rates are recognized as most
practical for these path attenuation calculations, but
data on 1 min rates are scarce. This has prompted
the development of models for estimating 1 min
rain-rate distributions.?- 3

Attenuation of EHF signals can be significant at
relatively low rain rates that occur with varying
probabilities just about anywhere in the world.
Therefore, more precise rain-rate data are required
for locations representing many climatic rainfall
regimes. With this in mind, Tattelman and Knight*
describe a method for extracting and digitizing
1 min 1ain rates from original analogue rain-gauge
recordings. The method employs modern digitizing
and filtering techniques to obtain the 1 min data
that are ordinarily unreadable. This method was
used to extract the rain data used to develop the
rain-rate analyses and the outage statistics in this
article. These statistics are presented in the form
of frequencies of occurrence of outage events,
probabilities of outage events, and time durations
between outage events.

DATA
Weighing rain-gauge recordings for approximately
300 U.S. weather stations are archived on microfiche

at the National Climatic Data Center (NCDC) in
Asheville, North Carolina. Ten years of 1 min rain-

0/37-2884/89/010023-13$36.50
© 1989 by John Wiley & Sons, L.td.
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rate data for 12 locations chosen to represent a
variety of climatic rainfall regimes were analysed
for this article (rain rates for solid precipitation
represent melted values). The locations, the percent-
age of time it rained at each, and the percentage
of the rain data that was missing over the 10 years
are provided in Table 1.

Missing data represent periods of rain when chart
records were unavailable for digitizing. However,
hourly totals were available, so it was possible to
estimate the percentage of total rain data that was
missing at each location. This information was used
1o adjust the rain-rate analyses by using the following
correction factor:

Correction factor = —T'“:"—T——
(S]] M
where T, is the total number of clock hours of
rain and Ty is the number of clock hours of rain
that was missing (i.e. not available for digitization).
‘This correction factor is based on the premise that
1 min rain rates during the missing clock hours are
distributed in the same way as the available 1 min
data. This is reasonable since missing hours are
associated with equipment problems and are not
correlated with raiu-rate intensity.

The data at all locations except Urbana were
obtained from rain-gauge recordings stored at
NCDC, and are for the period 1 January 1970 to
31 December 1979. The data for Urbana were
obtained from the Ilinois State Water Survey,
Champaign, Hlinois as part of a USAF contract.’
The Urbana data cover a period of 10-25 years from
1 June 1969 to 31 August 1979. They were obtained
using a high-speed weighing rain-gauge recorder
described in the reference.
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Table 1. Locations for which 10 years of 1 unn rain vare datay were studicd. The percentage of time it rains,
and the estimated pereentage of the yain data that is missing are provided

Percentage of time # rains

Flevation

Iocation (m) fan. A
Boston, MA S 87 [0
Denver, €°Q) 1610 1-7 A6
Grand Junction, €O 1478 28 2-1
Key West, FL R 1-R 1o
New Orleans, T.A 1 SR RER
Omaha, NE RILE 2R sS4
Pittshurph, PA 208 R-6 S
Rapid City, SD 965 2-1 S-8
San Angelo, TX S8R0 16 (B
Santa Maria, CA 72 42 14
Seattle, WA 120 t4-0 (B
Ilibana, 11, 175 47 41

Fistimated pereentape

Tl Ot Anmual of rain diabn missing
AR S-4 61 20
N 2-0 2R 27
0-8 2:2 1R 2:6
26 2R 23 7
4-5 2:2 4-1 22
2-R 42 37 -7
36 55 56 7-8
2:6 2:6 10 6-2
16 30 1Y 32
<-4 0-8 I-R -2
PR 7-3 g1 2-3
2.7 36 41 -2°

* This value 1epresents pereentiage of Il operational time

ANALYSES OF ONE-MINUTE RATES

The analyses of 1 min rates presented here are
intended primarily to assess the impact of rain
on EUTF satellite communications. Most previons
studies of short-duration rain rates for use in
attenuation models provide data in the form of
annual rain-rate frequencies of occurrence.’ How-
ever, annual statistics can be very misleading hecanse
critical rates are concentrated in anly a few manths
of the year at most locations. A low annual Irequency
ol accurrence of a critical rain rate can be intolerably
high in these months. Although annual rain-rate
frequencies of ocemrence are presented for ench
location studicd, monthly or seasonal  rain-ate
statistics are preferable for assessing the impact of
attenuation caused hy ram.

Rain rate duration frequencies of occurrence

The annual average nuimbers of ncenrrence of a
given ran rate for six duration times are provided
for each location in Figure 1. Rain rates arc equalled
or exceeded during each minute of the specified
duration.  Actual frequencies of occurtence  are
plotted for every 0-05 mm/min rate up to 100 mm/
min, and for cvery 0-10 mm/min therealter, Valucs
plotted for a frequency of occurrence of 10
sepresent the highest rate that was equalled or
exceceded for the specificd duration.

Monthly average numbers of ocevcrences of o
given rainrate for six differemt duration  times
arc provided for the worst {(most extreme) month
at cach location in Fipure 2. Vatues are plotted in
the same manncer as in Figure |, The worst month
at cach location was subjectively chosep from all
the monthly plots 1o ‘generally’ remiesciid the highest
frequenciee ol occorrence of rain sates for alt
durations. Frequencies of occurrence for some rates
and durations may be highrr in other manths.

_—’

Rain-rate duration probahilities

For many design considerations it is more practical
to cxpress the likelihood of events in terms of
their probability. The Poisson distiibution is an
appropriate ool for quantifying randam events,
such as rainfall occurrences, if the events in any
time interval are statistically independent of events
in another time interval. In this case, rain events of
S, 40015, 20004 30 min durations have heen chosen,
and the time interval is a specificd month of
the year (c.g. July). Since these rain evenis are
independent from year fo year, the probability, P,
of vy rain cvents in a month can be caleulated vsing
the Poisson cquation

I
AR, (1
whete A is the mean number of events per month,
Therefore, the prabability of at least v occurrences
of an event is
v
P(atleasty) = | — >_: P(z)
2 N

One-minute rainfall rates versus dusation and the
probability of at least onc occunience during the
worst month are provided in Takle 11 Rales
corresponding ta the prabability of ot least three
occnnences duming the worst month are provided
in Table 111 The worst (most severe) month was
subjectively chosen as generally represemtative of
the highest rain rates for cach probability and
duration. Rain rates Tor some probahilities and
dumations may be higher in other months. The 0-1
and 0.9 probabilitics in the tables can be used to
cnlte the vanianihty of rain rates over the 10
veur period.

Talde TV presents the longest dination at or above
specified threshold rain rates and the month of the
vear that it ocenrred. Since these are the most
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Figure 1. Average annual frequency of occurience of | min rain rates for six duration times
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NEAW RAIN RALE

extreme occurrences in 10 years (10-25 years at
Uibana), the probability that they would occur in
that month i any one year is approxinmately 0-1.

Time benveen events

To more completely assess the impact of an
attenuation outage due to rain, it is also important
to know how soon an outage may recur, ‘That is, if
it is raining at or above a critical rate and then
diops below that rate, what tume period would
clapse before the ceritical rain sate was exceeded
again? We call the peniod of time between occur-
rences of specified rain rates the time between
events (TBE). For this study, we considered five
threshold rain rates, 0-10, 0-25, 0-50, 0-75 and
1-00 mm/min, which were equalied or exceeded for
cach of 5 (and 10) consecutive min. An event was
considered to occur each time the rain rate exceeded
the given thieshold for the given duration. When
an event occurs (e.g. a tate of at least 010 m/min
for five consecutive minutes), what is the 'TBE until
this event recurs?

The TBEs at each location were determined for
cach meteorological season (e.g. suner is June,
July and August). The first and last TBEs for cach
season were determined by scanning up to 30 days
prior to the beginning and after the end of the
season. For example, if the first event occurred on
5 June, the first TBE is determined by looking back
up to 30 days to the previous eveat at that threshold
rate and duration. If there was no prior event within
the 30 day scan, the TBE is considered to be greater
than 30 days and is tumped with other TBLS greatr
than 30 days.

Continuing with this example, if there were no
other events for the remainder of the summer
season, the scan stops on 31 August and a second
TBE greater than 30 days is recorded. If, however,
a recurrence happened on 30 August, another ‘I BE
greater than 30 days is recorded and the scan
continues until the next event, or until 29 Sep-
tember, to determine the last TBE. If there are no
more events, there are three TBES all of which are
greater than 30 days. If there are no events during
an entire season, a TBE is not tallied. For TBEs
up to 30 days, the exact time period is recorded.

The cumulative probability disttibutions of ‘TBE
for Boston, Key West and Urbana during the season
with the greatest number of events (summer) are
provided in Figures 3, 4 and 5. Data are not
provided if a location did not have at least eight
occurrences of an event. The numbers of events
indicated in the Figures are for 10 summer seasons
at Boston and Key West, and 11 summer seasons
at Urbana. The probabilities on the ordinate indicate
the likelihood of an event recwrring within the
indicated ‘TBE. For example, in Figure 3(a), the
probability of a TBE of one day or less for a
S min event with a rain rate of 0-10 mw/min is
approximately (-4,
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OUTAGE ESTIMATES

Ordinarily, attenuation models are used to deter-
mine path attenuation given the point rain tate. For
this exercise, we reversed the order of calculation
by determining critical rain-rates that would cause
an outage for a specified total path attenuation
of 15dB at 10, 30 and 45 Gllz. The USAF
Eavironmental  Technical  Applications  Center
(IETACY), Systems Support Section, provided critical
rain rates based on the model developed by Crane.!

‘The propagation path length through the rain was
determined using mean monthly freezing levels above
the ground for the locations and months in Table V.
This table specifics the critical rain rates for the
indicated path elevation angles at each location.
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Critical rain rates were calculated for the worst month
of the year, that is the month that generally had the
highest frequency of occurrence of high rain rates
during the period studied. Rain intensities are highest
during the summer months when freezing levels are
also at their highest. Thus the number of outages is
greatest during these months. ‘The highest critical rain
rates are at locations with the lowest freezing levels
above the ground. High elevation locations such as
Denver and Grand Junction have relatively low
freezing levels above the ground.

Table VI provides the mean percentage of time
in the worst month with system outages due to rain.
Values were estimated using the rain-rate data for
10 years at each location (11 years at Urhana), and
the critical rain rates in Table V. From the table it
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is apparent that outages due to rain mc relatively
infrequent. On average. one could expect system
availabilitics of at least 99:4, 961 and 95-3 per cent
at 10, 30 and 45 GHz (elevation anple of 107),
tespectively.  Availabilities increase rapidly  with
increasing clevation angle,

To put the true impact of rain attenuation into
perspective, it should be noted that each minute of
rain is not randomly distiibuted in the month. When
it is raining hard enough to cause an outage, it is
likely to persist for a period of time. Tt is the
duration of precipitation events causing outages
that deserves special attention for EHF satellite
communictions, Tables VI {X provide the mean
niumbers of system ontages duc to vain with durations
of at Teast 5, 10, 20 and ¥ min in the worst month
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Table VIII. Estimated mean number of svstem outages due to rain in the worst month for

Location
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for frequencies of 10, 30 and 45 GHz. The number
of outages for each duration decreases 1apidly with
increasing elevation anple.

Tables X and X1 provide probabilities of at least
thice ountages due to rain in the worst month for
durations of 10, 20 and 30 wn at 30 and 45 GH».
Here again, the clevation angle has o profound
influence on the likelihood of an outage. At 10 Gz,
the only location with a probability greater than
0-01 of thiee outages is New Ordeans, which has a
probability of a 10 min outage of 0-10 at 10° and
0-02 at a 3 elevation angle.

Another mnportant consideration is the interval
between outages. The information contained in
Figures 35 can be used to obtain some valuable
insight on time between outage evemts lasting 5 or
10 min. For example, in Figure 3(a) for 5 min rain
events in Boston (summer season), cumufative
probability of time between events (TBE) is plotied
for 0-10 and 0-25 mm/min. These can be used to
estimate the TBE for the critical rain rates of 0-12,
0-20 and 0-27 mm/min for elevation angles of 307,
S0° and 70°, respectively from ‘Fable V. About 10
per cent of the events during the season will recur
within 10 min of another event. Between 20 and 25
per cemt of the events recur within an hour of
anather event.

At Key West (Figure 4(a)), about 20 per cemt of
the 5 min events at critical rain rates for elevation
angles of 30°, 50° and 70° recur within an hour of
another event. At Urbana (Figure 5(a)) 30 0 40
per cent of the 5 min events at critical rain rates
recur within an hour of another event.

SUMMARY AND CONCLUSIONS

Analyses of 10 years of 1 min rain data are presented
for 12 U.S. locations (10-25 years at Urbana). These
analyses can be used to determine the frequency
of occurrences of outages, their dutations, and
probabilities based on critical rain rates causing an
outage. ‘The critical rain rates can be determined
using an attenuation modeld, such as the one
developed by Crane.!

Based on the Crane model, critical rain rates
were determined for various elevation angles for
frequencies of 10, 30 and 45 Gliz and a fade margin
of 15 dB at the 12 locations studied. OQutage statistics
were estimated for cach location using these and
the | min rain-rate analyses. The results show the
profound influence of the elevation angle of the
propagation path on the quantity and duration of
outages. Lower elevation angles greatly increase the
path length through the rain, with outages resulting

at rates as low as 0-000 ma/min (at 45 Gllz) ot
some locations.

Total path attenuation is also greatly influenced
by the height of the freezing level, above which the
atteauation from ice and snow is negligible. Freezing
levels are lowestin the winter so that a much higher
rain rate would be required to produce an outage.
Of course rain rates are generally much lower during
the winter months, fudther minumizing the likelibood
of an outage. Because rain rates and freezing levels
are highest during the warmest months, design of
satellite EHE communications should be based on
conditions during the month of the year when the
probability and duration of outages is greatest.
Annual statistics that include the very low outage-
probability winter months conceal the real impact
of gain attenuation on operations.

The new rain-rate data analysed for this article
cnabled & more detailed assessntent o be made of
the probabilities and durations of satellite EHF
conmunication outages dae to attenuation by rain
than has previously been available. Although only
12 locations were studied, they represent a variety
of climatic regimes. The results may provide a
reasonable wndication of rain-event characteristics
at other locations with similar climates. We are
continuing our research on rain rates by expanding
the number of locations studied to about 40, then
developing an empirical model to estimate satellite
communication outages for any location of concern.
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